Introduction
Chimeric antigen receptors (CARs) are synthetic molecules that redirect T cells to eradicate tumors through specific recognition of surface proteins expressed on tumor cells (1) (2) (3) . CAR T cell therapy is an approach being explored in the treatment of multiple cancer types, especially exhibiting potent responses in patients with CD19
+ hematological malignancies (4) (5) (6) (7) . The application of CAR T cells to solid tumors, however, has been obstructed by the validation of appropriate tumor-associated antigens and the known immune-suppressive effects of the tumor microenvironment (1, 2, 8) . Our group has focused on advancing the application of CAR T therapy against glioblastoma (GBM), a lethal solid tumor of the CNS for which standard treatments only modestly improve patient outcome (9) . IL-13 receptor α2 (IL13Rα2) is a high-affinity receptor for the cytokine IL-13 and is preferentially expressed in GBM cells as compared with normal brain tissue (10, 11) . Although further evidence is needed to address the functional significance of IL13Rα2 in GBM, its expression is associated with a refractory mesenchymal phenotype and poor prognosis (12, 13) . Our group has developed CAR T cells targeting IL13Rα2, which specifically recognize and kill GBM, including tumor-initiating cells that are often resistant to standard therapies (14) (15) (16) . Clinical trials evaluating intracranial administration of IL13Rα2-CAR T cells for the treatment of GBM find that the therapy is well tolerated (17, 18) , and one case report showed the dramatic response of a patient with recurrent GBM to regionally delivered CAR T cells (18) . These preclinical and clinical results illustrate the therapeutic potential of locoregionally administered IL13Rα2-CAR T cells for GBM.
Despite the encouraging evidence that demonstrates the safety and potency of IL13Rα2-CAR T cells, the overall response of GBM patients to CAR T therapy requires further optimization. We have focused on the characterization and refinement of product composition as an important parameter for improving the potency of CAR T cells (19) . Additionally, the treatment of large tumor burdens requires CAR T cells to have the capacity to recursively kill, yet repetitive antigen stimulation often drives T cells to exhaust Chimeric antigen receptor-modified (CAR-modified) T cells have shown promising therapeutic effects for hematological malignancies, yet limited and inconsistent efficacy against solid tumors. The refinement of CAR therapy requires an understanding of the optimal characteristics of the cellular products, including the appropriate composition of CD4 + and CD8 + subsets. Here, we investigated the differential antitumor effect of CD4 + and CD8 + CAR T cells targeting glioblastomaassociated (GBM-associated) antigen IL-13 receptor α2 (IL13Rα2). Upon stimulation with IL13Rα2 + GBM cells, the CD8 + CAR T cells exhibited robust short-term effector function but became rapidly exhausted. By comparison, the CD4 + CAR T cells persisted after tumor challenge and sustained their effector potency. Mixing with CD4 + CAR T cells failed to ameliorate the effector dysfunction of CD8 + CAR T cells, while surprisingly, CD4 + CAR T cell effector potency was impaired when coapplied with CD8 + T cells. In orthotopic GBM models, CD4 + outperformed CD8 + CAR T cells, especially for long-term antitumor response. Further, maintenance of the CD4 + subset was positively correlated with the recursive killing ability of CAR T cell products derived from GBM patients. These findings identify CD4 + CAR T cells as a highly potent and clinically important T cell subset for effective CAR therapy.
and lose antitumor potency (20, 21) . Thus, a critical goal for advancing CAR T cell therapy is the ability to manufacture CAR T cells that are capable of maintaining a long-term antitumor potential. One of the many approaches for improving the CAR T cell product focuses on the selection of specific T cell subsets to optimize antitumor efficacy. Specifically, the memory-associated properties of tumor-targeting T cells have been proven to correlate with their potency after adoptive transfer (22) (23) (24) . To exploit T cell memory for CAR T cell therapy, we and others have focused on central memory T cells (Tcm), a population that mediates long-term engraftment and antitumor immunity after adoptive transfer (22, (25) (26) (27) . Therefore, we have established a clinical manufacturing platform that genetically engineers enriched Tcm to express an IL13Rα2-targeted CAR for GBM treatment, which is used in our current clinical study (19) (also see ClinicalTrial.gov NCT02208362).
Another important characteristic of CAR T cell products is the ratio of CD4 + and CD8 + subsets. Although CD8 + T cells have long been considered as the primary cytotoxic population, CD4-mediated antitumor effects have also been observed (28) (29) (30) (31) (32) . When administered to tumor-bearing mice, CD4 + T cells with tumor-specific TCRs were found to both mediate direct cytotoxicity against tumor cells and to provide helper function to evoke intrinsic antitumor immune responses (28, 31) . Furthermore, in melanoma patients receiving immunocheckpoint blockade, a neoantigen-specific Th1 population was identified to account for the antitumor effect (32, 33) . Similarly, CD4
+ CAR T cells have also demonstrated their antitumor activity in preclinical models of hematological and solid tumors (34) (35) (36) . In particular, the presence of a CD4 + subset correlated with CAR T persistence in solid tumors (34) . Together, these findings suggest an essential role of CD4-mediated immune responses against tumors, which is also highlighted by some ongoing clinical studies where CD4 + doses are precisely controlled (37, 38) . However, although CD4 + CAR T cells are able to elicit direct cytotoxic effects against hematological and solid tumors (34, 35, 39) , the relationship between their "helper" and "cytotoxic" activities remains unclear, making it difficult to discern how the CD4 + subset + or CD8 + CAR T cells (E:T = 1:2) in the presence/absence of EGTA for 24 hours, and the numbers of viable GBM cells were enumerated, n = 4 replicates. **P < 0.01 using an unpaired Student's t test. All data are representative of 3 different donors; data represents ± SEM.
contributes to maintaining CAR T cell potency, especially against solid tumors, which requires long-term persistence of CAR activity. Moreover, there has been a lack of comparison between CD4 + and CD8 + CAR T cells regarding their kinetics and mechanisms of cytotoxicity.
In this report, we demonstrate a potent tumor-targeting capability of CD4 + IL13Rα2-CAR T cells. CD4 + CAR T cells mediated CD8-independent GBM eradication and maintained function even after repetitive tumor challenge. In contrast, T cell exhaustion and subsequent effector dysfunction occurred more rapidly in the CD8 + subset upon encountering tumor cells, which was not reversed by the inclusion of CD4 + CAR T cells, resulting in the loss of CD8 + T cell effector activity. Consistently, CD4 + but not CD8 + CAR T cells were found to mediate long-term efficacy against GBM both in vitro and in vivo. Our findings highlight the clinical importance and necessity of the CD4 + subset for effective CAR therapy. + and CD8 + CAR T cells were evaluated for their activation potential through degranulation (F), intracellular IFN-γ (G), and surface expression of activation markers CD69 and 4-1BB (H) following in vitro restimulation. (F and G) n = 3 replicates.*P < 0.05, **P < 0.01 unpaired Student's t test compared with the non-in vivo-stimulated cells (None). All data are representative of 3 different donors; data represents ± SEM.
Results

The CD4
+ compartment is required for prolonged antitumor effect and mediates direct cytotoxicity. For anti-GBM therapy, we have previously constructed and characterized a second-generation CAR that specifically targets IL13Rα2. The construct harnesses a membrane-bound human IL-13 (E13Y) mutein as the targeting domain, while incorporating a CD3ζ T cell activation signal and a 4-1BB (CD137) costimulatory signal (19) . The CAR cassette also includes a T2A ribosomal skip sequence followed by a truncated CD19 sequence (CD19t), which acts as a marker for CAR-transduced cells. To be consistent with the clinical manufacturing platform of our CAR T products (18, 25, 26) , enriched Tcm were selected as the starting population for manufacturing IL13Rα2-specific CAR T cells in these studies. Tcm was isolated through depletion of CD14, CD25, CD45RA, and positive selection of CD62L (Supplemental Figure 1A Figure 1B) . To investigate the contribution of the CD4 + subset on the overall antitumor activity, we depleted CD4 + T cells from the bulk of IL13Rα2-CAR-engineered T cells through negative selection ( Figure 1A and Supplemental Figure 1 ). The antitumor efficacy of these CD4-depleted CD8 + CAR T cells was evaluated and compared with the CD4-undepleted CAR T cells against orthotopic xenografts of the patient-derived IL13Rα2 + GBM line PBT030-2 (12, 19) . Adoptive transfer of CAR T cells into the tumor recapitulates the delivery route of anti-GBM CAR T cells in our clinical studies (15, 17, 18) . In these GBM xenografts, treatment with CD4-undepleted CAR T cells (containing 79% CD4 + and 21% CD8 + T cells) led to long-term survival over 250 days, while CD4-depleted CAR T cells efficiently mediated tumor regression yet was followed by tumor relapse ( Figure 1B and Supplemental Figure 2 ). These results strongly suggested that the CD4 + subset is necessary for a potent and prolonged antitumor effect of CAR T cells. Since CD4 + T cells have been reported to mediate antitumor activity in the absence of the CD8 + subset through either TCR (21, 28, 40) or CAR (34, 35, 38) signaling, we directly compared the function of purified CD4 + and CD8 + IL13Rα2-CAR T cells (Supplemental Figure 1 ) following short-term in vitro stimulation with GBM cells. We first observed that CD4 + IL13Rα2-CAR T cells formed structures typical of an immune-synapse at the T cell-tumor interface, which resembled CD8 + CAR T cells ( Figure 1C ). The CD4 + CAR T cells were also able to independently degranulate and express IFN-γ, TNF-α, and granzyme B after tumor stimulation ( Figure 1, D and E) . Notably, consistent with other studies using short-term in vitro cytotoxic assays (34, 35) , we observed a greater proportion of CD107a-and IFN-γ-producing CD8 + than CD4 + CAR T cells, suggesting a more rapid activation of CD8 + T cells upon target stimulation. Further, we blocked granule exocytosis with the calcium chelator EGTA (41) , which resulted in a reduced tumor cell killing efficiency in both CD4 + and CD8 + CAR T cells ( Figure 1F ), demonstrating the granzyme B/perforin-dependent cytotoxicity of both subsets. Therefore, both CD4 + and CD8 + CAR T cells appeared to mediate cytotoxic effects against GBM cells via a similar degranulation-mediated mechanism, and we were motivated to further investigate the potential difference(s) in antitumor efficacy between the 2 T cell subsets. + and CD8 + T cells based on a previous study (48) . (B) Ingenuity Pathway Analysis of the network with the highest score shown in Table 1 .
right 2 panels, and Supplemental Videos 3 and 4). Thus, the cytotoxic activity of CD4 + CAR T cells, which is CD8 independent, was highly efficient at lower effector abundances.
The differential behaviors between the 2 subsets under lower E:T ratios suggested that the effector function of CD4 + T cells were better maintained after multiple rounds of killing. To further evaluate the recursive killing potential, we set up an in vitro tumor rechallenge assay, in which CAR T cells were challenged every other day with GBM cells ( Figure 2B ). As depicted in Figure 2C , both CD4
+ and CD8 + CAR T cells mediated effective elimination of GBM cells until day 3 (after a single GBM rechallenge, total E:T = 1:12). However, additional GBM tumor challenges resulted in a decreased CD8 + CAR T cell cytotoxicy, shown by the insufficient control of tumor cell number ( Figure 2C ). By contrast, CD4
+ CAR T cells maintained their effector activity even after repetitive tumor challenge in which these CAR T cells were challenged with a total of 28-fold excess of GBM cells ( Figure 2C ). The lack of CD8 + CAR T cell efficacy was not due to antigen escape, as the expression of IL13Rα2 on viable GBM cells was maintained after coculture with CD8 + CAR T cells (Supplemental Figure 3A) . Repetitively stimulated CD4 + and CD8 + subsets also displayed comparable stability of CAR expression (Supplemental Figure 3B ). While the proliferation status at day 3 was similar between both subsets, CD4 + but not CD8 + CAR T cells continued to proliferate after 3 rounds of GBM cell rechallenge ( Figure 2D ), suggesting that the sustained cytotoxic activity of CD4 + CAR T cells was associated with better T cell proliferation. Of note, both CD4 + and CD8 + CAR T cells acquired a Tem phenotype after recursive stimulation (Supplemental Figure 3C) ; however, the CD4 + CAR T cells maintained higher expression levels of memory-associated transcription factors (TFs) than the CD8 + T cells (Supplemental Figure 3D) , suggesting a better preservation of memory properties. The superior recursive killing potential by CD4 + CAR T cells against repetitive tumor challenge was also observed using U251T, another IL13Rα2 + GBM cell line (Supplemental Figure 3E ). Given the proliferative capacity of CD4 + over CD8 + CAR T cells during tumor rechallenge, one possibility we considered was that the superior killing efficacy of CD4 + CAR T cells at high E:T ratios could be a result of their sustained viability and/or proliferation rather than a better maintenance of effector activity. To address this possibility, we compared the antigen-dependent activation potential of CD4 + and CD8 + T cells prestimulated with tumor. When CAR T cells were prestimulated in vitro with GBM cells (Supplemental Figure 4A ), a 30% decrease in CD107a degranulation potential for CD8 + CAR T cells was observed upon restimulation, whereas no significant decrease in degranulation potential was seen for CD4 + T cells (Supplemental Figure 4B) . Next, CD4
+ or CD8 + CAR T cells were injected intratumorally into large s.c. GBM tumors to stimulate in vivo, and after 5 days, we harvested tumors, enumerated persisting CAR T cells, and evaluated their capability to activate against tumor restimulation ( Figure 2E ). Notably, we observed fewer CD8 + T cells recovered from the tumors compared with CD4 + T cells (Supplemental Figure 4C ), indicating superior intratumoral T cell survival of the CD4 + subset. Further, in vivo-prestimulated CD8 + T cells almost completely lost their ability for antigen-dependent activation, degranulation, and IFN-γ production; in contrast, the activation potential was maintained in the stimulated CD4 + T cells ( Figure 2 , F-H). These results suggest that, in addition to superior proliferation, the tumor-prestimulated CD4 + CAR T cells also maintained better effector activity per single cell compared with CD8 + T cells. Taken together, we demonstrate that both CD4 + and CD8 + CAR T cells displayed cytotoxic function, while the effector potency of CD4 + T cells was better sustained after tumor challenge.
CD4
+ T cells are less prone to activation-induced exhaustion and differentiation. Activation-induced T cell exhaustion has been considered a major mechanism for the lack of persistent function during CAR therapy (42, 43) . Also, long-term antitumor responses are known to be associated with therapeutic T cells that exhibit a memory phenotype (22, 44) . The difference between CD4 + and CD8 + CAR T cells, regarding the capability to maintain effector function, indicated possible differences in exhaustion and memory status between these subsets. To test this hypothesis, we first analyzed the phenotype of CD4 + and CD8 + IL13Rα2-CAR T cells following extended ex vivo culture, a process believed to promote the acquisition of an early-exhaustion phenotype (43) . Indeed, a 14-day extended culture upregulated the expression of inhibitory receptors on CAR T cells and also resulted in an increased percentage of CD8 + T cells ( Figure 3A and Supplemental Figure 5 , A and B). Moreover, following extended ex vivo culture, the inhibitory receptors such as LAG-3 and 2B4 exhibited higher expression in the CD8 + subset, while the expression of PD-1, TIM-3, and CD57 did not differ between the subsets ( Figure  3B and Supplemental Figure 5A ). The phenotypic Tcm population (CD62L + , CD45RO + ) was maintained in both subsets after extended culture (Supplemental Figure 5C ), but the CD4 + T cells showed higher expression of memory-associated TFs ( Figure 3C ). Thus, the CD8 + CAR T cells appeared to exhibit a more pronounced early exhaustion and differentiation phenotype than the CD4 + T cells during extended culture. Next, we investigated the exhaustion status of CD4 + and CD8 + CAR T cells after GBM tumor stimulation. Similar to the effects of extended culture, in vivo tumor stimulation resulted in high expression of 
LAG-3 and 2B4 mainly in CD8
+ T cells ( Figure 3D ). Moreover, TIM-3, which was only slightly induced in either subset by extended culture (Supplemental Figure 5A) , also displayed higher expression on stimulated CD8 + than CD4 + CAR T cells ( Figure 3D ). Importantly, the expression of individual inhibitory receptors may imply a dual-directional effect for T cell activation, marking both tumor-reactive and exhausted T cells (45, 46) . Therefore, we further examined the coexpression of PD-1, LAG-3, and TIM-3, which has been correlated with impaired CAR T cell effector function (47) . The majority of CD4 + CAR T cells expressed 0 or 1, while more than half of the CD8 + CAR T cells coexpressed 2 or 3 of these inhibitory receptors ( Figure  3E ). Moreover, stimulated CD8 + CAR T cells also exhibited higher expression of TFs associated with T cell terminal differentiation ( Figure 3F ). Similar results were observed in CAR T cells following in vitro stimulation (Supplemental Figure 5, D-F) . These data provided preliminary evidence that CD8 + CAR T cells might be more susceptible to activation-induced exhaustion To better understand the gene expression signatures of stimulated CD4 + and CD8 + CAR T cells, we performed transcriptional profiling on both subsets after in vivo stimulation. Of note, comparison of CD4 + and CD8 + T cell exhaustion is complicated by their lineage-specific molecular profiles. Hence, we specifically focused on the genes that are shared between both exhausted CD4 + and CD8 + T cell subsets (48) . From this 69-gene list, we further selected a sublist of 35 genes (human orthologs) whose expression was induced in stimulated CAR T cells compared with unstimulated cells (Supplemental Figure 6A) . Analysis of these genes revealed an overall higher expression in stimulated CD8 + CAR T cells than CD4 + CAR T cells ( Figure 4A and Supplemental Table 1 ), suggesting a generally more exhausted status of the CD8 + CAR T cells after antigen exposure. On the other hand, to understand the mechanism by which CD4 + CAR T cells sustained better effector activity after tumor stimulation, we performed Ingenuity Pathway Analysis (IPA; https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/) on the genes most enriched in the CD4 + T cells (Supplemental Table 2 ) and found that the highest-scored network regulates embryonic and organ development ( Figure 4B and Table 1 ). This signaling network, intriguingly, involves Wnt ligands and the downstream TFs, which are essential in maintaining T cell memory (44) ( Figure 4B ). Consistently, in vivo-stimulated CD4 + CAR T cells also possessed considerable Tcm and Tem proportions, while CD8 + CAR T cells almost completely lost CD62L expression (Supplemental Figure 6B) . We thus concluded that, as associated with their superior long-term effector function, CD4
+ CAR T cells maintained a less-exhausted and potentially more memory-like state than CD8 + T cells after tumor stimulation. To further identify the signaling pathways that distinguish both subsets, we next checked the genes enriched in either CD4 + or CD8 + CAR T cells compared with each other, generating another list of genes most differentially expressed in either subsets and analyzed by IPA (Supplemental Table 3 ). The signaling network with the highest score consisted of genes regulating cell cycle, cellular development, cell death, and cell survival (Supplemental Figure 6 , B and C). Importantly, most genes in this network displayed higher expression in CD4 + , while few were enriched in CD8 + T cells (Supplemental Figure 6D) , suggesting that CD4 + CAR T cells were regulated by prosurvival signaling after stimulation, which might also account for their superior effector function. (35, 36, 42) and suggesting that CD4 + CAR T cells might, thus, be able to augment the effector potency of CD8 + CAR T cells and that a mixture of both populations would maximize CAR efficacy. To test this hypothesis, we compared a 1:1 ratio of CD4/CD8 CAR T cells to single CD4 + or CD8 + subsets using the in vitro repetitive GBM challenge assay (as depicted in Figure 2B ). Unexpectedly, while CD4/CD8 mixed CAR T cells did show enhanced cytotoxic activity as compared with CD8 + CAR T cells, they were less effective in tumor cell elimination than CD4 + CAR T cells ( Figure 5A ). To explain the lack of synergistic effect when mixing CD4 + and CD8 + CAR T cells, we speculated that the CD4/CD8 composition of the mixed T cells might have changed during the recursive stimulation. Indeed, as shown in Figure 5B , the percentage of CD8 + T cells increased during the assay. Particularly, at day 7 after the mixed T cells had undergone 4 rounds of stimulation, the CD8 + T cells comprised over 90% of the entire T cell population ( Figure 5B ). The change of CD4/CD8 composition was mainly a result of CD8 + CAR T cell proliferation ( Figure 5C ). Specifically, compared with the single subsets, augmented proliferation of CD8 + CAR T cells occurred in the presence of CD4 + T cells, while CD4 + CAR T cell expansion was slightly reduced when coapplied with CD8 + T cells ( Figure 5C ). Similar results were observed when examining the recovery of in vivo-stimulated CAR T cells (Supplemental Figure  4C) . The improved CD8 + T cell proliferation possibly explained the advantageous effect of mixed CAR T cells compared with a single CD8 + CAR T cell subset. However, when examining the exhaustion phenotype of those CD8 + CAR T cells following in vivo or in vitro stimulation, the expression of inhibitory receptors was not affected by the presence of CD4 + T cells ( Figure 5 , D and E, and Supplemental Figure  7 , B and C). Furthermore, the presence of CD4 + CAR T cells also did not augment the potential of the in vivo-stimulated CD8 + CAR T cells to degranulate and produce cytokine ( Figure 5 , F-H) or protect
Activation-induced CD8 + CAR T cell exhaustion is not ameliorated by CD4
Figure 8. Maintenance of CD4 + subset predicts effector potency of patient-derived CAR T cells. (A) CD4/CD8 composition CAR T cell therapeutic products engineered from GBM patients (n = 5). (B) Percentages of CD4 + T cells in freshly thawed (D0) CAR T cell therapeutic products or after 14 days of extended culture (D14). (C) Expression of inhibitory receptors in CD4
+ and CD8 + T cells within the GBM patient CAR T products after extended culture. Horizontal lines indicate mean values; *P < 0.1, **P < 0.01, and ***P < 0.001 when using a paired Student's t test. Figure 3A ; degranulation was analyzed on pregated CD4 + or CD8 + engineered T cells. Horizontal lines indicate mean values; ***P < 0.001 when using a paired Student's t test.
8378). (F) The 5 GBM patient CAR T cell products were prestimulated in vitro and then tested for their activation potential as depicted in Supplemental
the stimulated CD8 + CAR T cells from differentiation ( Figure 5I and Supplemental Figure 7 , D and E). Therefore, the loss of effector function in CD8 + CAR T cells following tumor challenge was not rescued by CD4
+ CAR T cells. The apparent inhibition of CD4 + CAR T cell expansion when mixing with CD8 + T cells ( Figure 5C ) led to the investigation of whether their effector function was also altered under the mixed condition. Therefore, we performed transcriptional analysis of CD4 + and CD8 + CAR T cells following in vivo stimulation as a single subset or at a 1:1 mixture. We first noticed that the presence of coapplied CD4 + T cells did not cause a significant change in the transcriptional signature of CD8 + T cells ( Figure 6A) , aligned with the lack of amelioration for the acquired exhaustion and loss of memory as depicted above. In contrast, the transcriptional profile of CD4 + T cells was dramatically altered in the presence of CD8 + T cells ( Figure 6B ). We further observed that, when coapplied with CD8 + T cells, the in vivo-stimulated CD4 + T cells expressed less memory-associated TFs and lost the ability to maintain effector activity ( Figure 6, C and D) . Taken together, these observations indicated that, although CD4 + CAR T cells facilitated CD8 + CAR T cell proliferation, they elicited little protection of the CD8 + CAR T cells from exhaustion and also failed to maintain their own effector function, thus resulting in the lack of synergistic effector activity between these 2 subsets.
Enhanced anti-GBM responses by CD4 + CAR T cells in orthotopic tumor model. The differential capability of CD4
+ and CD8 + T cells in maintaining cytotoxic effects upon tumor challenge led us to investigate whether CD4 + CAR T cells are superior at eradicating GBM tumors as a single subset. Therefore, we treated orthotopic GBM xenografts with CAR T cells composed of either 100% CD4 + , 100% CD8 + , or a 50%-50% mixture of both subsets. We also sought to distinguish the efficacy of CAR T cells with different CD4/CD8 compositions at a reduced effector cell dose of 0.5 × 10 6 CAR T cells/mouse. Similar with previous results (Figure 1B) , complete short-term remission was observed in every treatment group, with a few exceptions observed only in those mice treated with 100% CD8 + CAR T cells ( Figure  7A and Supplemental Figure 8A ). Long-term antitumor response was then monitored in these animals for over 6 months. Tumor relapse and subsequent mortality was seen in the groups treated with CAR T cells that contained 100% and 50% CD8 + T cells, while the groups treated with 100% CD4 + CAR T cells remained tumor free for more than 6 months ( Figure 7B and Supplemental Figure 8A ). We also evaluated a more aggressive orthotopic GBM model ( Figure 7C ), and similar outcomes were observed, showing that only the treatment with CD4 + CAR T cells resulted in complete long-term tumor eradication ( Figure 7 , C and D, and Supplemental Figure 8A ). Both GBM cell lines had little expression of HLA-DR (Supplemental Figure 8C) , an MHC-II molecule important for CD4 + TCR recognition (51-53), suggesting that the superior CD4-mediated antitumor effect was not a result of an allogeneic response.
Staining of recurrent tumors showed the expression of IL13Rα2 ( Figure 7E ), suggesting that antigen loss was also not responsible for the lack of long-term T cell antitumor efficacy. Intriguingly, although adoptively transferred CD8 + T cell dysfunction has been shown to be associated with the rapid depletion of the injected cells (54), we did detect CD8 + T cells in the relapsed tumors 6 months after injection with CD4/CD8 mixed or CD8 + -only CAR T cells ( Figure 7E and Supplemental Figure 8B ). The PD-1 expression on these cells ( Figure 7F ) suggests that, rather than being eliminated, intratumoral CD8 + T cells can persist in an exhausted state without antitumor potential, even within the immunocompromised context of our mouse model. Together, these data suggested that CD4 + CAR T cells alone are sufficient in mediating efficacious and long-lasting tumor eradication.
Retention of the CD4 + subset is correlated with improved killing potency for GBM patient-derived CAR T cell products. Having demonstrated the advantageous antitumor activity mediated by CD4
+ CAR T cells, we next analyzed the CD4/CD8 composition and cytotoxicity of 5 CAR T cell products from GBM patients produced in accordance with our clinical manufacturing platform (NCT02208362). Although our previous studies focused on the superior persistence of CD8 + T cell products derived from enriched Tcm cells over Tem (26) , one of the most notable features of Tcm-derived CAR T cell products is the high percentage of the CD4 + subset (average 85% ± 9%, Figure 8A ). After extended ex vivo culture, similar to the CAR T cells engineered from healthy donors described above, GBM patient-derived CAR T cells also displayed a decrease of the CD4 + percentage and early exhaustion phenotype ( Figure 8B and Supplemental Figure  9A ), with more inhibitory receptors expressed in the CD8 + subset ( Figure 8C ). Tcm phenotype was not significantly affected by extended culture (Supplemental Figure 9B) . Employing the recursive in vitro tumor challenge assay (as depicted in Figure 2B ), differential killing potential was observed between these patient CAR T cell products ( Figure 8D ). While recursive tumor cell stimulation resulted in a decrease in CD4 + percentage within all CAR T cells, the extent of CD4 reduction differed between patient products (Supplemental Figure 9C ). Importantly, our analysis revealed a positive correlation between recursive killing potency and maintenance of CD4 + CAR T cells following tumor stimulation ( Figure 8E , left), while no correlation was found when looking at the CD8 + subset (data not shown). Similar correlation was observed when comparing cytotoxic potency with the maintenance of the CD4 + subset after extended culture (Figure 8E, right) . Moreover, stimulation of patient-derived cell products with tumor cells resulted in a greater loss of CAR activation potential, as assessed by decreased antigen-dependent CD107a degranulation upon secondary tumor challenge, in CD8 + CAR T cells as compared with CD4 + T cells ( Figure 8F ). Together, our data demonstrate that patient-derived CAR T cell products can differ in their ability to retain the CD4 + subset following tumor challenge, which is correlated with their cytotoxic activity.
Discussion
In this study, we provide mechanistic insights into the unexpected superior antitumor potency of CD4 + CAR T cells over the CD8 + subset. More specifically, we demonstrate that CD4 + CAR T cells maintained better effector function against tumor challenge, while CD8 + CAR T cells more readily acquired an exhausted phenotype and displayed a greater loss of effector potency. The cytotoxicity of CD4 + CAR T cells is mediated through the granzyme B/perforin pathway in a CD8-independent manner, and the production of IFN-γ and IL-2 suggests a Th1 differentiation, which is one of the key features of cytotoxic CD4 + T cells (28, 33) . Our results have suggested that CD4 + CAR T cells are a clinically important subset mediating long-term antitumor responses for CAR therapy. Indeed, by analyzing CAR T cells derived from GBM patients, we showed a correlation between the capability to maintain the CD4 + CAR T cell subset and the sustainability of cytotoxic activity (Figure 8) .
One of the challenges to efficiently evaluate the functionality of engineered T cells has been the lack of in vitro functional assays that are reflective of in vivo antitumor potency. Activity assessed by in vitro short-term cytolytic assays (e.g., chromium release assays) are oftentimes inversely correlated with their in vivo antitumor function (42, 43, 55) , which is likely attributed to the high E:T ratio that renders the outcome of these assays less sensitive to T cell exhaustion (21) . Indeed, CD8
+ CAR effector function appeared to be greater than or comparable with CD4 + T cells during our short-term cytotoxicity assays. Here, we established the in vitro recursive tumor killing assay ( Figure 2B ) to distinguish the antitumor response between CD4 + and CD8 + CAR T cells, the results of which were highly predictive to the long-term antitumor function against orthotopic GBMs. In vitro assays like this one, with more rigorous tumor challenges, could be a more effective approach for assessing the potency of CAR T cell products.
The superior CD4-mediated antitumor immunity against GBM is consistent with a previous report evaluating CD4
+ mesothelin-specific CAR T cells (34) . Similarly, that study also used regional administration of second-generation CAR T cells to target solid tumors. The mesothelin-CAR T cells were generated from peripheral blood mononuclear cells (PBMCs) without Tcm enrichment, and we also observed similar results for the superior recursive killing potential of CD4 + CAR T cells generated from unselected T cells (Supplemental Figure 10 ), demonstrating the consistency across different manufacturing platforms. However, conflicting results have been observed using CAR T cells targeting CD19 + hematological tumors, in which a larger number of CD4 + T cells was required to get equivalent antitumor effects, as compared with CD8 + T cells (35) . Such a discrepancy might be due to the differences in tumor models (such as the expression of costimlatory molecules) and/or differences in delivery routes of CAR T cells, since regional delivery results in CAR T cells encountering a high density of tumor antigen shortly after administration, where CD8 + T cells would be expected to lose function more rapidly. On the other hand, consistent across all these studies was the CD8-independent cytotoxicity of CD4 + CAR T cells. Effective CD4 + T cell cytotoxicity has been shown to require high-affinity interaction between the receptor and tumor antigens (56) . Similarly, in comparison with T cells engineered with first-generation CAR constructs, those harboring second-generation CARs exhibited strengthened CD4-mediated antitumor efficacy (34) . High-affinity binding was also verified between the IL-13 and IL13Rα2 (57, 58) , which was the structural basis of the CAR used in this study. Given the fact that CAR design usually involves high-affinity interaction with the targeted antigen (2), we would suggest that the cytotoxicity of CD4 + T cells are critical for CAR T cell efficacy across different platforms. T cell exhaustion has long been considered as one of the major hurdles against effective antitumor responses, and it has been rigorously investigated in both CD4
+ and CD8 + subsets (21, 42, 43, 59 ). The comparison of exhaustion status between these 2 subsets, however, remains complicated, as the majority of exhaustion-associated genes are identified as present in one subset but not the other (48) . Here, we used a combination of functional evaluations, transcriptional signatures, and phenotypic analysis to comprehensively compare the exhaustion status of CD4 + and CD8 + CAR T cells. All these approaches consistently revealed that the CD8 + T cells were more prone to exhaustion after tumor challenge. Intriguingly, one recent study revealed that TCR engagement led to distinct CAR activity between CD4 + and CD8 + CD19-CAR T cells (36) . Here, the use of naive-depleted T cells (CD45RA depletion, Supplemental Figure  1A ) -which have been shown to reduce alloreactivity (60, 61) -and the lack of HLA-DR expression on tumor cells, a MHC II molecule critical for CD4 + TCR recoginition (51) (52) (53) , together suggested that allogeneic responses did not account for the superior CD4 + CAR-mediated antitumor response observed in this study. Therefore, the differential effector activities between CD4 + and CD8 + CAR T cells might be both TCR dependent and independent. Importantly, both studies revealed that intrinsic differences between the CD4 + and CD8 + T cells account for their behaviors after CAR activation, which might be conserved across different CAR designs.
Further, IPA allowed for an unbiased approach to compare CD4 + and CD8 + CAR T cells. In the CD4 + subset, several T cell memory-associated genes stood out over the CD8 + T cells, supporting the notion that inhibiting T cell effector differentiation would support a less exhausted status and promote long-term efficacy (62, 63) . Notably, the differential memory status between the 2 subsets occurred even before antigen engagement during extended culture and was further magnified after tumor stimulation ( Figure 3C and Supplemental Figure 3D ). These results also suggested that T cell differentiation may have taken place before any observable changes in surface markers (comparing Figure 3C with Supplemental Figure 3D ). Intriguingly, the CD4 subset-associated/enriched genes also include multiple factors within the Wnt signaling pathway, such as AXIN2, LEF, and Wnt ligands. Wnt signaling plays an essential role in facilitating stem cell self-renewal, as well as promoting memory T cell generation (23, 64, 65) . These data imply that the more activated Wnt signaling in CD4 + , as compared with CD8 + , CAR T cells may maintain the T cells at a proliferative and yet less-differentiated state upon stimulation. Therefore, the transcriptional analysis here revealed the possible mechanism by which CD4 + CAR T cells maintained activity after stimulation, while also providing insights about the potential for exploiting Wnt activators to enhance T cell potency (66) .
It is widely accepted that CD4 + T cell activity helps CD8 + T cell effector function, leading to effective immune responses (67) . However, less is understood about distinguishing the helper function of CAR-engineered CD4 + T cells from their direct role in tumor killing. In this study, we show that CD4 + CAR T cells did augment the proliferation of CD8 + T cells but, unexpectedly, did not ameliorate CD8 + CAR T cell effector potency. CD8 + CAR T cells displayed a similar propensity to rapidly acquire an exhaustion phenotype after tumor challenge, with or without the inclusion of CD4 + T cells. Moreover, the effector function, including the proliferative and cytotoxic potential, of CD4 + CAR T cells appeared to be inhibited by the coapplied CD8 + T cells. One explanation for this effect is the rapid activation and subsequent nutrient/ cytokine consumption by CD8 + T cells. As a result, after repetitive tumor challenge, the mixed CAR T cells were predominantly CD8 + T cells ( Figure 5B ) and were less efficient for tumor elimination than the CD4 + CAR T cells alone. Indeed, it has been controversial whether mixing CD4 + with CD8 + CAR T cells has a synergistic antitumor effect across different preclinical studies of CAR T cells treating hematological and solid tumors (34) (35) (36) , suggesting that the optimal ratio could be influenced by platform-specific differences in CAR designs and/or tumor models. However, our study and others have consistently highlighted the importance for maintaining a CD4 + CAR T cell compartment for effective antitumor activity (34, 36) . Optimizing the T cell product potency is one of the many approaches being explored to potentiate CAR therapy, especially against solid tumors. IL13Rα2 is an attractive tumor target, given its preferential expression on GBM cells in comparison with other neural tissues. Moreover, intracranial infusion of IL13Rα2-CAR T cells have also been well tolerated in GBM patients (17, 18) . Hence, efforts to improve the potency of the CAR product and to augment the therapy is well warranted. Our current clinical platform, utilizing enriched Tcm consisting of both CD4 + and CD8 + subsets to replace the previous CD8 + -only product, illustrates some of our progresses toward CAR refinement (19) . Here, the superior antitumor effect of CD4 + CAR T cells over CD8 + T cells provides further advancement for optimizing T cell production. We also noticed that the percentage of CD8 + CAR T cells increased after extended ex vivo expansion (Supplemental Figure 8B ), unveiling the necessity to limit the culture time when manufacturing CAR T cells. Furthermore, we observed from our clinical results that infused CAR T cells potentially evoked an intrinsic antitumor immune response (18) . CD4 + T cells have been shown to mediate systemic immunity, which is essential for long-term tumor eradication (68, 69) . Therefore, it is important to recognize that the CD4 + CAR T cells may also have indirect antitumor effects in patients. Therefore, overall, these findings lead us to propose that, when evaluating clinical responses following CAR therapy, the frequency and quality of the CD4 + CAR T cells within the product and/or persisting in tumor microenvironment following adoptive transfer might be exploited to reflect or predict effective therapy.
Methods
Supplemental Methods are available online with this article.
DNA constructs. The IL13Rα2-targeted CAR construct used throughout the study is the same as currently used in our clinical study of patients with recurrent/refractory GBM (available on ClinicalTrials.gov, NCT02208362) (18, 19) . The construct is composed of a human GM-CSF receptor α chain leader peptide, a human IL-13 with an E13Y mutation, an IgG4 spacer with 2 point mutations (L235E and N297Q) (70), a CD4 transmembrane domain, a human 4-1BB costimulatory domain, and the cytoplasmic domain of human CD3ζ. A truncated CD19 was also introduced in the construct to allow for potential enrichment and tracking of transduced cells. The firefly luciferase-GFP (ffLuc-GFP) construct for tumor biophotonic imaging was generated as described previously (14) .
Tcm isolation, CAR transduction, and CD4/CD8 enrichment. Blood products were obtained from healthy donors under protocols approved by the COH IRB, and Tcm isolation followed the procedures described in previous studies (19, 25) . In brief, PBMCs were isolated by density gradient centrifugation over FicollPaque (GE Healthcare) and then underwent sequential rounds of CliniMACS/AutoMACS (Miltenyi Biotec) depletion to remove CD14-, CD25-, and CD45RA-expressing cells, followed by a CD62L-positive selection for Tcm. Tcm were stimulated with Dynabeads Human T expander CD3/CD28 (Invitrogen) at a 1:3 ratio (T cell/bead) and transduced with lentivirus to express CAR (multiplicity of infection [MOI] = 0.5) in X-VIVO 15 (Lonza) containing 10% FCS with 5 μg/ml protamine sulfate (APP Pharmaceuticals), 50 U/ ml recombinant human IL-2 (rhIL-2), and 0.5 ng/ml rhIL-15. Cultures were then maintained at 37°C, 5% CO 2 under the same condition of media and cytokines; cytokines were supplied every other day. On day 7 after transduction, the CD3/CD28 Dynabeads were removed from cultures using the DynaMag-50 magnet (Invitrogen). Cultures were propagated for 14 or 28 days as indicated in figure legends (Figure 3 , A-C, and Supplemental Figure 5 , 28-day expansion; all remaining figures, 14-day expansion). To separate the CD4 + or CD8 + subsets, CAR T cells at day 14 after transduction underwent a magnetic selection processes using the EasySep Human CD8 + or CD4 + T cell isolation kits (Stemcell Technologies), respectively, and the negative fraction was collected. All procedures are depicted in Supplemental Figure 1A . All experiments were repeated using CAR T cells from 3 independent donors unless specifically mentioned in figure legends.
GBM cell culture. Primary brain tumor (PBT) cells (PBT030-2 and PBT103-2) were obtained from GBM patient resections at COH under protocols approved by the COH IRB and maintained as described previously (14, 15) . To generate cells for in vivo biophotonic imaging, these cells were engineered to express the ffLuc reporter gene as previously described (14) .
Flow cytometry. Cells were harvested and stained as described previously (70) . T cell phenotype was detected using fluorochrome-conjugated antibodies against CD3, CD4, CD8, and CD45 (BD Biosciences) (Supplemental Table 5 ). Transgene expression was determined by staining for the truncated CD19 (BD Biosciences), and all engineered T cells were gated as the CD3 + , CD45 + , and CD19 + population unless specifically mentioned in figure legends. Memory-associated phenotypes were analyzed with fluorochrome-conjugated antibodies against CD45RO, CD62L, CD27, and CD28 (BD Biosciences). Expression of coinhibitory receptors was detected via the following fluorochrome-conjugated antibodies: PD-1, 2B4 (BioLegend); Lag-3, Tim-3 (eBiosciences), and CD57 (BD Biosciences). T cell function was determined using fluorochrome-conjugated antibodies against CD107a, granzyme B, IFN-γ (all BD Biosciences), and TNF-α (Miltenyi Biotec). All samples were analyzed via a Macsquant Analyzer (Miltenyi Biotec) and processed via FlowJo v10. To isolate CAR T cells following in vitro or in vivo stimulation, harvested cells were labeled with fluorochrome-conjugated anti-CD4, -CD8, -CD19, and -CD45 antibodies; CD4 + (CD4 + , CD8 -, CD19 + , CD45 + ) or CD8 + (CD4 -, CD8 + , CD19 + , CD45 + ) CAR T cells were sorted via an Aria SORP cell sorter (BD Biosciences).
In vitro T cell assays. To test for cytotoxicity and activity, PBTs were dissociated with cold accutase (Innovative Cell Technologies) and resuspended in DMEM: F12 (Irvine Scientific) media supplied with 10% FCS. Quantitative PCR. Total mRNA from cultured or sorted T cells was isolated by RNeasy Mini Kit (Qiagen Inc.). cDNA was then synthesized via an Omniscript RT Kit (Qiagen Inc.). Quantitative PCR was performed using SYBR Green PCR Master mix (Applied Biosystems) in a ViiA-7 reverse transcription PCR (RT-PCR) system (Thermo Fisher Scientific). Primers are available in Supplemental Table 4 . The comparative Ct values of genes of interest were normalized to the Ct value of β-actin. Then, the 2 -Δct method was used to determine the relative expression of the genes, while the 2 -ΔΔct method was used to calculate the fold changes of gene expression over control.
RNA-seq and gene expression analysis. RNA was isolated as described above and sequenced with Illumina protocols on a HiSeq 2500 to generate 50-bp reads. Sequenced reads were aligned to the human hg38 reference genome with TopHat2 (71). Transcript expression level was quantified by HTSeq (72) , and DESeq2 was utilized to identify differentially expressed genes (73) . Transcript abundance was quantified as reads per kilobase of transcript per million fragments mapped (RPKM).
GBM xenograft studies. All mouse experiments were approved by the COH IACUC. Orthotopic GBM models were generated using 6-to 8 week-old NOD/SCID/IL2R -/-(NSG) mice as previously described (The Jackson Laboratory) (16) . Briefly, on day 0, ffLuc + PBT103-2 cells (1 × 10 5 ) were stereotactically implanted into the right forebrain of NSG mice. After 8 days, mice were then treated intracranially with 0.5-1.0×10
6 CAR T cells as indicated for each experiment. Tumor volumes were determined by in vivo noninvasive optical biophotonic imaging using a Xenogen IVIS 100 as previously described (14) . Mice were also monitored for survival, with euthanasia applied according to the American Veterinary Medical Association Guidelines.
For in vivo CAR T cell stimulation, PBT030-2 cells (5 × 10 6 ) were injected s.c. into the left flank of NSG mice. Eight days after tumor implantation, CAR T cells (2 × 10 6 ) were injected intratumorally. Tumors were harvested and dissociated 5 days after T cell injection and processed for CAR T cell sorting.
Immunofluorescence and IHC. PBT cells were dissociated as described above and plated for 12 hours to adhere. T cells were then added to PBT cells and incubated for 3 hours before fixation with 4% paraformaldehyde (Boston BioProducts Inc.). Fixed cells were incubated with primary and secondary antibodies (Supplemental Table 5 ). Permeabilization and cytoskeleton staining was performed by an F-actin Visualization Biochem Kit (Cytoskeleton Inc.). Mouse brain harvesting, sectioning, and IHC assays were performed as described previously (14) . Immunofluorescence (IF) staining on paraffin-embedded sections followed the procedures of a previous study (64) with minor modifications.
Antibodies used in IF and IHC assays included anti-CD8 (mouse, Dako), anti-IL13Rα2 (goat, R&D Systems), anti-PD1 (rabbit, Abcam), and donkey anti-mouse Alexa 647, donkey anti-goat Alexa 555, and donkey anti-rabbit Alexa 488 (all Invitrogen; Supplemental Table 5 ).
All slides for IF assays were observed with an LSM Airyscan 880 (Zeiss), and images were processed with Amira (FEI software). The slides for IHC assays were scanned via a NanoZoomer 2.0-HT Digital slide scanner (Hamamatsu) and processed with NDP.view2 (Hamamatsu).
Statistics. Data analysis was performed using Prism v6.0 (GraphPad Software) and presented as stated in individual figure legends. Comparisons were determined using 2-tailed Student's t test (2 groups) or 1-way ANOVA (3 or more groups). For the comparison between 3 or more groups, Bonferroni's multiple comparison tests were used to compare all or selected pairs of data (95% CI). Comparison of Kaplan-Meier survival data was performed using Log-rank (Mantel-Cox) test. Detailed comparisons in each experiment are described in figure legends.
Study approval. All mouse experiments were approved by the COH IACUC. Mice were also monitored for survival, with euthanasia applied according to the American Veterinary Medical Association Guidelines. Use of all human subjects materials (human CAR T cell production and patient-derived GBM spheres) was approved by the COH IRB.
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